Abstract
D
EFECTS in both CMOS and BiCMOS technologies include shorts between the connections, 1 open connections, 2 and transistor stuck-on. 3 CMOS circuits can also fail due to circuit degradation (e.g., threshold voltage variations).
It was reported in [12] that in a conventional BiCMOS NAND gate, each injected defect may result in one or more logical fault(s), as explained below. Defects may cause a parametric fault by altering either of the delay time, quiescent supply current, or output voltage magnitude. Some defects degrade the output voltage, causing an intermediate voltage level or a soft logic level (an output which lies in the correct logic level, but has a degraded voltage). The result is a reduced noise margin. The other class is that of functional faults, which includes stuck-open (the output becomes floating and the circuit shows a sequential behavior), truth-table (the output takes a wrong logic level for certain input combinations), and stuck-at faults.
It is also stated in [12] that the set of "delay faults," "stuck-open faults," and " faults" is an adequate fault set to detect faults (stuck-at faults included) in a CMOS circuit. Short defects and their effects on BiCMOS circuits were studied in [13] , and a DFT technique was proposed for facilitating the detection of these defects. This paper deals with delay Manuscript received November 1999; revised July 2000. This work was supported by a Research Grant from the Natural Sciences and Engineering Research Council of Canada. This paper was recommended by Associate Editor E. Friedman.
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Publisher Item Identifier S 1057-7130(00)09945-6. 1 Shorts are modeled as a small resistor between the two nodes. 2 Open circuits are modeled as a large resistor inserted between the affected node and the node to which it would normally have been connected. 3 A transistor stuck-on is a transistor that is always in the conducting mode.
and stuck-open faults, and presents a novel DFT technique for detecting them. We show that the modified version of this technique is capable of detecting short defects too. Delay-fault testing is quite important in CMOS/BiCMOS logic families, because it is the only means of detecting certain manufacturing defects. The proposed DFT approach for delay faults allows concurrent testing and can easily be compatible with any design style. It is also capable of detecting faults which cause intermediate voltage level at the output of a given circuit. The faults in the added testing circuitry are either detectable or have no effect on the normal operation of the circuit. This circuit is applicable to any given block, and is efficient in terms of area and speed.
We distinguish concurrent and on-line testing techniques using the following definitions.
Definition 1: The previous or current value of the output need not be known for detecting the fault in a concurrent testing technique. However, the circuit may or may not operate in normal mode while testing is performed.
Definition 2: We call a testing technique on-line if the testing is performed while the circuit is in normal mode of operation.
Occasionally, the faulty node should be excited by a test vector, and/or its faulty behavior should be propagated to the primary output. To attain this goal, one or two test vectors are devised using test generation algorithms, and applied to the primary inputs of the circuit. The testing is achieved if it begins after the normal operation of the circuit is halted. Such a testing technique is neither concurrent nor on-line. On the other hand, there are testing techniques [1] - [3] which operate using the physical characteristics of the faulty node, and do not rely on exciting (or propagating) the fault. However, these techniques may detect the fault if the circuit is not functioning in normal mode. This class of testing technique is considered to be concurrent in this paper. If the faults in the circuit are detected as they occur in normal mode of operation, the testing technique is on-line.
The rest of this paper is organized as follows: Section II reviews delay faults and the importance of detecting them. It also discusses the drawbacks of the techniques proposed in [1] - [3] for detecting this fault. In Section III, we present a DFT technique which is free from similar shortcomings. Stuck-open and intermediate-output faults are the subject of Section IV. Fully testable CMOS designs are discussed in Section V. HSPICE simulation results are given in Section VI. Generation of controlling signals for asynchronous circuits are discussed in Section VII. Their faulty behaviors are explained in Section VIII. The test results for medium size circuits are reported in Section IX. Conclusions are provided in Section X.
II. DELAY FAULTS IN BiCMOS CIRCUITS
It was mentioned in [13] that some defects do not change the functional behavior of the circuit, and only increase the propagation delay of the circuit from the specified limit. The result is a delay fault, which may manifest itself as a "slow to rise" or a "slow to fall" transition. It is important in high-speed applications to detect delay faults to ensure that the circuits work as intended. Also, it has been shown [6] that even those delay faults which are not important in a particular application may cause functional problems and create logical faults in BiCMOS circuits. Thus, delay-fault testing is of great importance. The simplest form of delay-fault testing is to apply pseudo-random patterns to the circuit under test (CUT) at a desired speed. This method requires very long test lengths to achieve an acceptable fault coverage [16] . The other drawback of this method is that tests can be invalidated by delays in other parts of the circuit. A test that detects a delay fault of a certain size does not necessarily detect faults that have longer or shorter delays [3] .
The analyses described in [12] supported the results reported in the literature [5] , [6] , [8] - [10] , [15] that most open defects manifest themselves as delay faults. However, a few short defects also result in a delay fault. These analyses further revealed that as the redundancy of BiCMOS structures increases, fewer open defects can be detected by stuck-open tests. In order to detect these defects, delay-fault testing must be performed.
Delay faults appear as one of the seven alternatives shown in Fig. 1 . Graph a shows a fault-free output signal, in a high-to-low transition. The waveform in graph b is slow-to-fall. Although it starts its transition as early as the fault-free signal, it requires much more time to reach its final value. The waveform depicted in graph c does its high-to-low transition as fast as the fault-free signal. However, there is a time delay before it starts the transition. The waveforms in graphs a-d show high-to-low transitions. Similar malfunctionings can occur in a low-to-high transition. The high-to-low transition in case d happens well after and is too late to be detected by the current phase of delay-fault testing given by the sampling clock. The sampling clock has changed its logic value and the testing phase is terminated already. The waveform in graph e shows an intermediate voltage value which cannot be verified as either "1" or "0". While graph f shows stuck-at 1, graph g shows stuck-at 0. The waveforms in graphs e, f, and g can be interpreted as a delay fault with infinite delay. Although test pattern generation for stuck-at faults is different than that of delay faults but similar in many ways, graphs e, f, and g suggest that these faults can be detected by the test patterns employed for delay-fault detection. We show that a delay-fault testing technique that detects fault type b, may not detect fault type c. There are cases where the delay-fault technique detects types b and c, but not e, f, or g.
In either of the cases b and c as depicted in Fig. 1 , the faulty output finally reaches the correct value. However, if the output is observed at an appropriate time (at the maximum acceptable normal delay), the fault can be detected. To detect a delay fault, a two-pattern test is applied to create and propagate signal transitions along the path to be tested. The first input vector initializes the output to a known state. The circuit is allowed to stabilize under this input vector. At time , the second input vector is applied such that the output changes to the opposite logical level in the fault-free circuit. The output is sampled at time , where corresponds to the maximum acceptable delay for the fault-free operation. The clock frequency is proportional to the inverse of . If the output does not reach the opposite logical level in the presence of any of the two types of faults, then the fault can be detected. Two-pattern tests have been widely used for testing stuck-open and delay faults in logic circuits. However, they can be invalidated by circuit delays, hazards, and timing skews [4] , [14] . As a result, there have been some efforts to eliminate the need for them. One such effort is the design-for-testability technique proposed in [2] , [3] for detecting delay faults in CMOS circuits. The authors discuss the importance of observing the output waveform between the samples, instead of only latching the output at the sampling time. Fig. 2 shows how a delay test, based on latching the output at specific sampling times can be invalidated due to a dynamic hazard.
Since there is significant information in the output waveform between samples, they propose to perform delay testing by applying test patterns and sampling the output in the conventional manner, together with a circuit that monitors the output waveform between samples. In order to observe any changes after the sampling time, they have proposed the DFT technique, shown in Fig. 3 . This circuit uses the transient switching current in CMOS inverters to detect signal changes. While is low, the bus is kept at by the precharging transistor, so the inverters operate normally. changes to logic high, when all the nodes of interest in the CUT (circuit under test) are supposed to have stabilized in the fault-free case. Once is high, the bus is left floating. If out does not change, the corresponding inverter will draw negligible static current and the bus will remain high. If any out changes, the transient current while the inverter changes state will partially discharge the bus, which can be detected with a sense amplifier.
This technique suffers from the following shortcoming.
1) The bus node does not go all the way down to 0 V, because pMOS transistors are imperfect switches when passing a zero. This is due to the fact that a pMOS transistor with gate node at voltage 0, begins to turn off when the output voltage reaches (threshold voltage). Similarly, nMOS transistors are imperfect switches when passing a ONE, because an nMOS transistor with gate at ceases conducting when its output reaches . Therefore, the output does not go lower than . Our simulations show that the bus node does not discharge below 1.5 V. This, reduces the noise margin and may cause difficulties in fault detection. Fig. 4 shows another DFT technique proposed in [1] . Here, there are two controlling signals, and . The rising transition on and the falling transition on signals announce the end of the valid reading time for the circuit signal .
is generated through an intermediate logic circuit. is "1" if does not show a transition after . If changes after the transition on and due to a delay fault, the extra logic circuit will set to zero and the fault is detected. The method has several drawbacks. 1) The authors have pointed out that their delay-fault test circuit fails to detect an existing fault if skews happen in the transitions of and . Such behavior is expected either due to the presence of clock skews, or the delay associated with the inverter which generates . The authors have also shown that glitches at the test circuit nodes can invalidate the results.
2) The presented method also needs ratioed capacitors.
3) The method can detect one type of faults which causes a delayed transition [see Fig. 1 (c)]. Type "b" is not detected by this method.
III. PROPOSED DFT TECHNIQUE FOR DELAY-FAULT DETECTION
We propose a new DFT technique for detecting delay faults, which does not suffer from the shortcomings of the techniques presented in [1] - [3] . We adopt their approach of observing the output waveform between the samples instead of only latching the output at sampling time. This will ensure that our method will not be invalidated by excessive delays. However, in the proposed circuit, the generation of the error signal is not based on the current drawn during the transition. On the contrary, it is based on charging or discharging an internal node to a logic level. Like the techniques proposed in [1] - [3] , we monitor any changes in logic value of the internal node. The proposed technique is graphically depicted in Fig. 5 . Fig. 5 shows the initial steps we have taken to modify the proposed techniques in [1] - [3] . An improved version of this design is discussed later. Here, the control signal or is positioned in the middle and the circuit signal is distributed to the uppermost pMOS and the lowest nMOS transistors. The circuit in Fig. 5 (a) operates as follows.
is high and is low in normal mode of operation. This would create a short path between and , and the the test circuit operates like a CMOS inverter. Regardless of what is, and have the same logic values, which is the inverted value of signal . The rising transition of or the falling transition of marks the end of the maximum delay in the fault-free circuit ( in Fig. 1 ). Therefore, when changes to low or changes to high, all the output signals of the fault-free circuit have already stabilized to their final values. At , both transistors and are turned off. At this time, one of the nodes or becomes floating, and tends to maintain its previous value. Since there is no delayed transition of the signal after time in the fault-free case, and keep their previous values. In a circuit with excessive delay, however, one of the outputs will change after the expected time . As a result, the state of the or transistor will change. This will cause the logic value to change in one of the nodes or , i.e., either or will assume a value other than its previous value. As a result, will either be 01 or 10. The difference in logic values of and is detected by an XOR circuit. We propose test circuits for CMOS circuits which work on the same principles (see Fig. 6 ). We have adopted the structure in Fig. 6(b) for the rest of this paper since it introduces less area overhead, and has less loading effect on normal operation of the CMOS circuit.
When input patterns in CMOS circuits are such that the output tends to become ONE, the -part is turned off, creating a high impedance between the output node and the ground. This permits the output node to take any new voltage value or keep its previous voltage level. At the same time, the -part provides a short path between the output node and charging the output capacitor to logic ONE. Similar events happen when the output tends to become ZERO. While the -part is presently off, a discharging path for the output node is provided through the -part to the ground. Although both parts are on for a short time while the output is in transition, it should not last long for a fault-free circuit. We will investigate the performance of the circuit shown in Fig. 6(b) in Section V, where we design a fully testable CMOS design. Let us illustrate the circuit operation for delay-fault testing using an example.
Let us assume that at , the voltages at nodes Out and are at and is high. We further assume that the inputs are applied long ago so that Out and are supposed to fall [see Fig. 1(c) ] in fault-free circuit at or before changes to ZERO, i.e., the -part is off and the -part is on at . Since there is no delayed transition of the output signal after time in the fault-free case, Out and will keep their previous values. The -part turns off at if a delay fault exists. At this time, node Out becomes floating, and tends to maintain its previous value, which is ONE in this example. The -part, on the other hand, turns on and discharges to ZERO. This provides a difference in the logic values of Out and which is detected by an XOR and a delay fault is announced.
A stuck-open fault can be interpreted as a delay fault with infinite delay. This suggests that it can be detected by the means employed for delay-fault detection. However, the concurrent delay checker presented in this section is not capable of detecting stuck-open faults, because it responds to the delayed transition of the signal under test. If the signal does not make any transition for a test vector (which is the case for stuck-open faults), it will remain undetected with this method. Therefore, it is necessary to devise a DFT technique for detecting stuck-open faults.
The following sections demonstrate that the technique mentioned above, if modified, is capable of detecting stuck-open, stuck-on, inconclusive voltages, and fault. We prove that the proposed technique also provides single and multiple fault detection at the expense of a little area overhead.
IV. DETECTING STUCK-OPEN FAULTS
The DFT technique presented in [13] results in a high coverage for short defects and bridging faults in BiCMOS circuits. Its inability to detect most open defects is compensated by the concurrent BIST technique presented in Section III for delayfault detection. While the first technique targets the short defects, the second technique attempts to detect the open defects which normally result in delay faults in CMOS/BiCMOS circuits. The stuck-open fault occurs when the output becomes floating (not connected to either or GND via a conducting path). Therefore, the output remains at its previous value. So, for an input vector that excites a stuck-open fault, the faulty output is different from the fault-free output. Thus, the standard method for detecting stuck-open faults is to apply two-pattern test vectors and observe the output. However, generation of robust two-pattern tests (which are not invalidated by timing skews) is a complex process. The requirement of large CPU times makes the test generation very costly. It is also possible that a combinational circuit may not have any two-pattern robust sequence [14] .
A. Proposed DFT Technique for Stuck-Open Fault Detection
The basic idea of the proposed technique is to apply a test signal to the output such that it undergoes a consequent transition in case of a stuck-open fault. The concept of applying an external signal to the output is an adaptation of the design method presented in [4] , [8] , [11] . Similarly, our proposed circuit does not need two-pattern test vectors. Therefore, it cannot be invalidated by timing skews, delays, glitches, or charge sharing among the internal nodes. Fig. 7 shows the concurrent circuit for stuck-open fault detection. It consists of two nMOS transistors and , which are used for generating a transition on an output affected by a stuck-open fault. The operation of the circuit is based on the fact that Out and have equal logic values in the fault-free circuit. These outputs will not be affected if they are momentarily connected to a weak signal. However, if the circuit has a stuck-open fault, both the -part and the -part show high-impedance states if the input vector excites the fault and propagates it to the output. Therefore, a weak signal can overdrive the output. These weak signals are applied via and , which are controlled by the sampling clock, .
The dimension of and should be chosen such that the on-resistance of these transistors are considerably higher than that of the pull-up or that of the pull-down network. In general, minimum-size transistors are sufficient for this purpose.
does not charge to full when is high because an nMOS transistor does not transfer ONE efficiently. Although it is possible to avoid this performance degradation by using a pMOS transistor instead of nMOS, we do not recommend it. Our simulation results shown in Table I confirms that the voltage  degradation in is not substantial and does not create any major problem in the operation of the circuit. If a pMOS transistor is used instead of the nMOS transistor, the complementary signal will be required. However, this is the same as . In normal operation, is high and is low; therefore, the main output is not affected by the test circuit. In test mode, falls to ZERO and turns off . Then, goes to high value and turns on both the and transistors. A floating Out will change to ZERO (ONE). There are two scenarios in the fault-free circuits. If Out and are both ONE, the -part is off. This will leave floating. will charge to high logic value. At the same time, the -part is on. This provides a short path between Out and . Although is on, it cannot overdrive Out to ZERO since its on-resistance is much higher that that of the -part. Therefore, both Out and will tend to be high in the fault-free circuit. If there is a stuck-open fault which is excited by the input patterns, then both pull-up and pull-down networks are off, showing high impedance between their two terminals. In this situation, will drive to ONE and will drive Out to ZERO. Therefore, the fault is detected using a logic gate. Similar behavior is explained if Out and were originally ZERO's. This analysis also suggests that the output value need not be known. This eliminates the requirement of the test-pattern generation procedure. For each input signal applied to the circuit in normal mode, the circuit will switch to test mode after the output has had enough time to stabilize in the fault-free case, and any occurrences of stuck-open faults will be detected.
V. FULLY TESTABLE CMOS DESIGNS
In this section, we further improve our test circuit to provide a fully testable CMOS design. Table II summarizes all possible faulty and fault-free functional behaviors of Out and if the structure of Fig. 7 is used. Transistors and have no effect on normal operation of the fault-free circuit regardless of whether is high or low. Therefore, the controlling signal may have any logic value at any time. However, to minimize the power dissipation, we have chosen to be low when is high. This will further facilitate the use of on-line test circuit proposed in [13] . On the other hand, must be low for delay-fault testing. We can choose so that for stuck-open and fault testing. We can generate this signal through an odd number of inverters to create a time gap long enough for the purpose of the delay-fault testing.
We have discussed the behavior of the test circuit proposed in Fig. 7 at the presence of delay and stuck-open faults in Sections III and IV-A. This test circuit is also capable of detecting faults which may not be detectable through supply lines. Only one of the -part or the -part is on and the other part is off in the fault-free circuit. However, both parts tend to create a short path between their two terminals in the case of an fault, i.e., the -part tends to charge Out to , and the -part tends to discharge to ZERO. The fault is announced at the combination Out . Our fully testable CMOS design is schematically illustrated in Fig. 8 short path between and the actual ground, and to reset the current sensor during the normal operation. The current sensor, which is a combination of two inverters as explained in [13] , is employed for generating the error signal. One transistor and one current sensor are used to serve many CMOS blocks for testing purposes. The test circuit as shown in Fig. 8 does not require the complement of any of the output signals.
The circuit operates as follows. is high and is low in normal mode.
is on and is initialized to ZERO. switches to low in test mode after the output signal has had enough time to stabilize. If the circuit is fault-free, Out and have the same logic value, and they tend to preserve it. is not on concurrently with . The leakage current is negligible, and the output of the current sensor is high. At the presence of any fault, Out and will have opposing logic values. This, in turn, will provide a short path between and through either or . The excessive current is, then, detected by the current sensor, and the error signal becomes low. This will, in turn, disconnect from actual ground preventing excessive power dissipation.
Alternative solutions are presented in Fig. 9 . The current sensor is replaced in Fig. 9(a) by a CMOS NOR gate. This will increase area overhead by almost 100% as the NOR gate is used for each CMOS stage separately, or a multiple input NOR gate is used. Favalli's technique [1] is adopted in Fig. 9(b) . This, however, suffers from the setbacks outlined earlier. Table III summarizes the operation of the test circuit for . An intermediate output is produced when both pull-up and pull-down networks conduct, and neither can overdrive the other. As a result, the output lies in a region close to (but outside) the two defined logic levels. In this faulty case, both sets of and are conducting. This would produce excessive current which is detected by the current sensor. The fault is detected regardless of whether and would overdrive the output or not. This implies that the proposed circuit can be used for detecting the defects which cause an intermediate output.
VI. EVALUATION

A. Delay-Fault Testing
In order to evaluate the capability of the circuit in detecting delay faults, we used a conventional BiCMOS NAND gate as the CUT. HSPICE simulations were done for all defects which cause a delay fault. Fig. 10 shows the performance of the delayfault tester for the fault-free operation, as well as for (base-emitter short in transistor ) defect. This defect, as described in [13] , results in a slow-to-rise output. The fault is excited by any input pattern which causes a low-to-high output transition. Graph a shows the inputs and . The sampling clock is shown in graph b. It is high for all the period when the fault-free output (graph c) is allowed to have its changes, and becomes low after the maximum acceptable delay. For the fault-free output, the signal constantly remains high, because there is no excessive current. A delayed output (graph "d"), however, makes all or part of its transition after has become low. As a result, the signal assumes a low level, and the delay fault is detected, as depicted in graph d.
As depicted in Fig. 1 , there are different types of delay faults. The delay fault shown in Fig. 10(d) is from type "b" in Fig. 1 . In order to observe a delay fault of type "c", the inputs of a conventional BiCMOS NAND gate were tied together to form an inverter, and five such inverters were cascaded immediately after one conventional BiCMOS NAND gate. The last inverter was augmented with the proposed DFT circuitry. A defect was introduced in one of the gates to create a delay fault. Fig. 11 shows the results of a simulation. As graph c shows, this type of delay fault is also detectable by the proposed DFT technique.
We repeated the simulations for other families (BiNMOS, full-swing BiCMOS, and CMOS NAND gates). Simulations show that the proposed concurrent delay checker circuit is applicable to all mentioned families, and is capable of detecting all the delay faults.
B. Stuck-Open Faults
In order to evaluate the performance of the proposed scheme for detecting stuck-open faults, a conventional BiCMOS NAND gate is augmented with the mentioned structure. For each possible single defect (three shorts and three opens for each transistor), simulation was performed and the error signal was monitored. Fig. 12 shows the result of HSPICE simulation for an defect (source of is open). The fault-free output changes from low to high when change from 11 to 01. The error signal remains high for all input vectors. The faulty output, however, assumes a high-impedance state and stays at its previous value or accepts new logic value. As a result, the fault is detected as shown in graph d of Fig. 12 Fig. 8 , any single or multiple fault in the functional part can be detected concurrently if the test circuit is not faulty. The error signal is not invalidated by timing skews/delays, glitches, or charge redistribution.
Proof: In Section VI, it was shown that the test circuit, shown in Figs. 5 or 6, has no effect on logic values of Out and if the circuit is fault-free. This would allow excitation of the fault in the next stage CMOS blocks through the primary inputs. It was also shown that any single fault in the functional part is detectable. Similarly, if a multiple fault exists within one CMOS block, its faulty behavior is detected through the test circuit, or the fault is announced undetectable due to redundancy. There are two possible connections of CMOS blocks. They are either connected serially, or they operate in parallel. In the case of serial connection, the first faulty CMOS block would switch the error signal. At the same time, the values of Out and are changed due to the fault, see Fig. 8 . Whether this combination of Out excites the fault in the next CMOS block is not important since the fault is already detected. In the case of parallel connection of two CMOS block, the multiple fault is detected by both of the test circuits connected to them.
The previous or current value of the outputs need not be known for detecting the fault. A fault is announced if the output changes while is ZERO. Hence, one does not need to set the circuit output to ONE or ZERO by applying input patterns generated by an ATGP. This eliminates the need for the generation of test vectors in CMOS structures. According to our definition, the testing is performed concurrently.
Since goes to ZERO after all the internal signals are normally stabilized, no glitch should appear at the output. However, if some signals experience excessive delay faults, they may create a glitch at the output during testing (while ). This glitch may change the output momentarily, and a delay fault or stuck-open fault is announced. The outputs will change at the presence of other types of faults as well. The circuit is announced fault-free if, and only if, the outputs have equal logic values.
QED. It should be noted that an open defect in any of the additional transistors , or of Fig. 8 may or may not be detected in this design. They may also invalidate our test results. It can be shown that such a defect does not affect the normal circuit operation. The short defects in the test circuit, however, are detectable.
Applying the proposed technique has the following effects on the normal behavior of the circuit: the output voltage levels of the circuit do not change for the fault-free circuit under normal-mode of operation. Speed performance is not degraded noticeably. The power dissipation of the circuit increases because either or try to overdrive one of the outputs in the fault-free circuit. This increase is in an acceptable range % as shown in Table I . Although it may seem as if the only disadvantage of this technique, compared to the previous ones [4] , [8] , [11] , is its area overhead, this is not the case if we compare the area overhead attributed to this technique with that of all previously proposed counterparts combined for detecting different types of faults. Our test circuit shares many transistors to perform fault detections, and the increase in testability is quite significant. Table I shows the relative amounts of the mentioned overheads for two conventional BiCMOS circuits. The first is a twoinput NAND gate. The second is a ring-oscillator, consisting of eleven cascaded NAND gates. The last NAND gate in the ring-oscillator is augmented by the circuit shown in Fig. 8 .
It can be seen that the change in the output voltage levels in the normal mode is quite insignificant. Since the test circuit tries to drive the output to the opposite level, the output will deteriorate. The area increase for the simple NAND gate is not in an acceptable range, but it should be noted that for a circuit which is more complex than a simple NAND gate, this overhead decreases significantly. Table I shows that there is a very small penalty associated with the proposed technique, especially as the complexity of the CUT increases. However, the fault coverage obtained is quite significant.
VII. GENERATION OF
and/or in the proposed checker can be created in synchronous circuits from the master clock with a simple circuit. For asynchronous circuits, on the other hand, it is generated using the handshaking signals, which control the maximum limit for acceptable delay as well. Fig. 13(a) provides the controlling signals based on two-phase protocol. Fig. 13(b) , on the other hand, replaces and for four-phase protocols. in Fig. 13(c) is the acknowledge signal in stage of the micropipeline, whereas is the the request signal in stage . Fig. 8 are off. The -part is separated from the -part even though the circuit under test is fault-free. Out and in Fig. 8 will have no effect on each other. Therefore, Out will charge to and will discharge to GND at some point of time. Since their logic values are different, the remaining parts of the test circuit would detect the fault.
2) The fault stuck-at zero is detectable when we turn off . The same situation as described by item #1 would happen.
3) If
is stuck-at one and is stuck-at zero, and are on while is off. When the -part is active, there is a short path between and the ground. This causes an increase in the static current which is provided by the power supply. Similar situation happens when the -part is active. This fault, therefore, is detectable through fault testing discussed in [13] . 4) If is stuck-at one, but is fault-free, the fault is detectable as previous item describes when we set to zero. 5) If both and are stuck-at one, the fault is detected as an fault. 6) Transistor is always on if is stuck-at one. This fault is not detectable. The time accuracy of the sensing circuit and its sensitivity to possible hazards in the transitions of and have been studied by means of SPICE simulations. There are a number of scenarios as described next. Injecting delay faults on a fabricated chip and testing the chip for delay fault using DFT techniques is not helpful since each injection requires one chip being fabricated. This is not practical, and for this reason, there is no fault coverage reported in the literature today on this basis.
Obtaining fault coverage using delay-fault injection on a circuit at the simulation level is also difficult. This means that a faulty circuit should be simulated using SPICE. The fault coverage is obtained after simulation is performed for each delay fault. This is tedious as it has to be done manually. For this reason, there is no fault coverage reported in the literature for delay-fault testing using DFT testing techniques. To the best knowledge of the author, DFT fault coverage for delay faults has been reported in this paper for the first time, where we attach the test circuit, simulate the circuit under test with the test circuit at the transistor level, and report the results.
We have selected three circuits for fault simulation which satisfy the following conditions. 1) Medium Size Circuits: Since HSPICE simulation should be carried out for each line stuck-at fault which causes increased delay, we have selected medium size circuits. 2) Modularity: In order to simplify data entry for HSPICE, we have used modular designs. Such designs are easily duplicated in HSPICE entry file giving us an opportunity to increase the size of the circuit as we wish. This will allow us to observe relationships between test circuit and circuit under test in terms of area overhead and fault coverage.
3) Input Criterion: We have proposed delay-fault testing technique which is concurrent, and there is no need for ATPG's. Since we have simulated faulty machines for each input combination to test the design exhaustively, we have selected designs which have only a few inputs. We have selected an 8-bit parallel binary adder [7] , 8-bit multiplier [7] , and the ALU 74 181.
1) The final stage of the adder and multiplier circuits generate the final carry . The longest path delay is from the primary inputs to . This stage has been augmented using our test circuit for delay-fault testing.
2) The critical path in a decoder is relatively small compared to other samples we considered. We have considered the Carry Generate [7] (CG) circuit for an 8-bit carry-lookahead adder [7] . The circuit function is described using the following equations:
where and
Only one test circuit is used at the output of CG circuit.
3) The test circuit is added to only one output of the ALU 74181. 4) Transistors and are removed from the test circuit during delay-fault testing, and only is applied. 5) The maximum delay of the critical path has been considered to estimate transitions on signal. We assume that transition on arrives as soon as the fault-free outputs are stabilized in the worst-case scenario. 6) Only is observed. The simulation has been carried out as the following steps describe.
1) The logic designs have been changed to include only 2-input NAND gates and inverters. 2) Gate-level designs have been transformed to transistorlevel designs using CMOS NAND gates and CMOS inverters. nMOS and pMOS transistor sizes are the same as the ones we considered in this Chapter. 3) We have considered fault-free input signals. All possible input combinations have been employed at the inputs using frequency division technique 4 similar to the inputs we applied for NAND gate simulations. This allows us to manage an exhaustive testing. 4) We have injected single line stuck-at faults and short faults and enumerated delay faults by monitoring the power supply current. This is performed without a test circuit. 5) We have augmented the circuit with our proposed delayfault test circuit, and simulated the circuit with single stuck-at faults. The only output monitored was . (The primary outputs have been ignored.) Table IV provides simulation results.
The reasons for this high coverage are explained in observations 1 and 2.
Observation 1: The minimum delay caused by a delay fault (a transistor stuck-open or a stuck-at which causes a tran- 4 Other possible techniques are phase shift and counter.
sistor to be off during the simulation) is greater than the time response of the fault-free test circuit.
Observation 2:
The maximum delay caused by a delay fault is as much as 20% of the time response of the fault-free circuit.
Observation 3: Hazards before and after transitions on do not invalidate the test results. If the hazard occurs before a transition on arrives, the circuit is considered fault-free. However, if the hazard happens after the specified delay for the fault-free circuit, it would cause the test circuit to respond, and a fault is detected.
Observation 4: Although delay faults are less pronounced in 8-bit Carry Generate circuit that those of decoder, the fault coverage is still 100%.
The area overhead for delay-fault testing is small if a single output is considered. There are ten transistors in the test circuit. This area overhead is equal to the area of 2.5 NAND gate. Since one current sensor circuit and one nMOS transistor (to reset the sensor) are used for multiple output testing, the area overhead would be roughly number of outputs NAND gates. This figure does not take into account the circuit which generates . In practice, multiple output circuits interface with next-stage logic circuit through state-holding elements. Therefore, only one circuit is necessary to generate . If each output under test is handshaking with next-stage logic separately, there would be separate ack and req signals. Different s are, therefore, generated using these controlling signals as described in Section VII. The delay faults considered in our simulation include stuck-at faults which permanently turn off (or on) a transistor, and transistor stuck-open faults. Further simulation should be carried out for parasitic capacitors and the variations on transistor parameters which would change the time response of the circuit beyond acceptable range.
We have carried out simulations for stuck-open faults as well. is generated using a CMOS inverter. Table V shows the fault coverage for each design.
We have observed that many stuck-open faults manifest as delay faults. The area overhead for stuck-open fault testing is approximately three NAND gates for single output design.
Delay-fault test circuit shares many transistors with stuck-open fault test circuit. If one test circuit is used to perform testing of both fault types, the area overhead is number of outputs under test NAND gates. must be generated from through an odd number of CMOS inverters to allow delay-fault testing performed before stuck-open fault testing begins.
X. CONCLUSION
In this paper, we have proposed a DFT technique for detecting faults in BiCMOS, BiNMOS, and CMOS circuits (combinational and sequential).
The CUT will be tested for faults concurrently with the normal operation. This is due to the fact that the error signal is created if any of the observed outputs makes a transition after becomes low and/or becomes high 5 . It is not important whether the transition is from low to high, or vice versa. The checker does not need to know the fault-free output voltage level for detecting the fault. Therefore, special test-pattern generation is not required for this method. The important consequence of these points is that the proposed technique can be used concurrently with the normal operation of the circuit to detect faults as they occur. This eliminates the difficult task of generating robust test patterns for fault detection. In order to increase the range of the detectable faults, should change to ZERO as soon as possible (after the maximum acceptable delay), and should remain at this level for as long as possible.
There is an area penalty due to the added devices and due to the circuitry needed for generation of the main sampling clock .
Simulations results of different realizations of NAND gates show the output voltage levels of the circuit remain unaffected, but the power dissipation increases slightly. The increase in power dissipation or the area overhead is negligible if the test circuit is used for a complex circuit in normal-mode operation.
